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VEGETABLE PRODUCT DRYING 
This invention relates to drying harvested vegetable 
5 product, particularly coffee, using solar energy. 

Coffee beans must be dried soon after harvest to 
prevent fermentation or other spoilage. Coffee beans are 
dried while still green and prior to subsequent processing, 
such as milling, sorting, or roasting. Typically, large 
10 commercial dryers, which burn wood or diesel fuel, dry the 
beans at a temperature of approximately 70 °C. Some 
commercial dryers are large towers having conveyor belts 
that continually circulate coffee beans to the top of the 
tower at which point the coffee beans drop down and bounce 
P 15 over a series of baffles that slow the decent of the coffee 
jy beans. Other commercial dryers are large rotating drums 

^0 wherein heated air is infused through a longitudinal duct 

yj 

si through the center of the drum. The heated air is diffused 

0 through a set of smaller tubes connected to the duct and 

^ 2 0 extending into the drum where the coffee beans are dried, 

p The wood and diesel dryers can have adverse 

environmental impacts. For example, an estimated 16,086 

m acres of forest are cut annually in Central America to 

?J5 provide energy for drying the coffee harvest. The Energy 

-■2 

2 5 Department of the Honduran Ministry of Planning estimates 

that 16% of the industrial consumption of wood in Honduras 
is devoted to coffee drying. In addition, the burning of 
wood and diesel fuel can adversely affect air quality. 

Furthermore, farmers can not realize the value the 

3 0 drying process adds in the production of coffee. Typically, 

8 0% of coffee traded in the world market comes from small 
and medium sized farms. However, independent farmers often 
do not have their own drying facilities. Therefore, the 
farmers must sell the harvest quickly to a processor or 
35 exporter to prevent spoilage of the harvested coffee. The 


farmers are unable to benefit from the price difference 
between dry and wet coffee beans, which can be significant. 
In a weak coffee market, the farmers are unable to postpone 
the sale of the harvested beans until prices increase. 
5 One aspect of the invention is a dryer for vegetable 

product, such as coffee beans. The dryer includes a thermal 
collector that converts solar energy to heat energy, a heat 
transfer system, and a housing that includes a drying 
chamber. The heat transfer system is in thermal 
10 communication with both the thermal collector and the drying 
chamber such that heat moves from the thermal collector to 
the drying chamber. 

Preferred embodiments of this aspect of the 
invention may include the following features. 
15 A photovoltaic module provides electrical power to 

m operate the heat transfer system. The photovoltaic module 

^ includes a photovoltaic cell to convert solar energy to 

electrical energy and a battery to store the electrical 
13 energy. Other electronic devices control and/or utilize the 

jU 2 0 electrical energy. The photovoltaic module provides all of 

the electrical energy consumed by the dryer when solar 
^ radiation incident upon the thermal collector is sufficient, 

Jh e.g., a day of partial to full sun exposure. 

^3 The heat transfer system includes two heat transfer 

25 circuits each having a pump, a heat transfer medium, and a 
heat exchanger. In one heat transfer circuit, the heat 
transfer medium is water, and, in the other heat transfer 
circuit, the heat transfer medium is air. The heat 
exchanger is in thermal communication with the thermal 
30 collector via one of the heat transfer circuits, and is in 
thermal communication with the drying chamber via the other 
heat transfer circuit. Therefore, heat is able to move 
between the heat transfer circuits. 
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The heat transfer system also has an additional heat 
exchanger, a furnace that provides an auxiliary heat source 
by burning coffee parchment, and a heat storage medium. All 
of which are in thermal communication with the drying 
5 chamber. 

The drying chamber includes a heat exhaust port and 
a moisture exhaust port, and a single port, e.g., an open 
back side of the housing, can simultaneously serve as both 
the heat exhaust port and the moisture exhaust port. The 
10 drying chamber is in fluid communication with an intake, and 
the intake is in fluid communication with a pump. 

Another aspect of the invention is a method for 
drying vegetable product in a dryer. The method includes 
placing the vegetable product in a drying chamber, 
15 collecting solar energy, transforming the solar energy into 
heat energy, transferring the heat energy into the drying 
chamber, and exhausting moisture from the drying chamber. 

Preferred embodiments of this aspect of the 
invention may include the following steps. 


sufficiently high to accelerate evaporation of water from 
coffee beans and sufficiently low to avoid adversely 
affecting the quality of the coffee beans. The coffee beans 
are harvested and transported to a dryer located at or near 

25 a location of harvest. Coffee parchment can be burned 

within a furnace to produce additional heat energy that is 
transferred from the furnace to the drying chamber, e.g, 
through the heat transfer system. A portion of the heat 
energy is stored and, subsequently, transferred to the 

3 0 drying chamber. Solar energy is transformed into 

electrical energy, which is used to transfer the heat energy 
into the drying chamber. 


is a? 


20 


The drying chamber is heated to a temperature 
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All the electrical energy and all the heat energy 
consumed by the dryer are produced by collecting light from 
the sun and burning coffee parchment. In some embodiments, 
the availability of such energy is also dependent on the 
5 geographic location and the weather conditions, which 
dictate the amount of solar energy available. In other 
embodiments, additional devices are added, e.g., a Stirling 
engine, that allow the system to produce sufficient energy 
regardless of the geographic location or the weather 
10 conditions. 

Dry coffee beans are removed from the dryer while 
wet coffee beans are dried, and additional wet coffee beans 
are added to the dryer to replace the dry coffee beans. The 
Q wet coffee beans are rotated into the space vacated by the 

jjj* 15 dry coffee beans, and the additional wet coffee beans are 
ijQ rotated into the space vacated by the wet coffee beans. 

In still another aspect of the invention, a dryer 
iji for drying vegetable product, such as coffee beans, includes 

^ a housing having a drying chamber. The housing has a 

i** s 2 0 cylindrical wall extending around the drying chamber and has 
V opposing end walls at either end of the drying chamber. The 

J housing is perforated so that the drying chamber can intake 

iQ and exhaust fluid. An infuser is adjacent to the 

^ J perforations to infuse the fluid through the perforations. 

2 5 The housing rotates relative to the infuser during operation 

of the dryer. 

Preferred embodiments of this aspect of the 
invention include a heat source to heat the fluid to be 
infused through the perforations and one or more doors in 

3 0 the housing to load and unload vegetable product. 

In another aspect of the invention, a dryer for 
drying vegetable product, such as coffee beans, has a 
housing. The housing has a drying chamber, a fluid intake 
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port, and a fluid exhaust port all located along a fluid 
flow path. The intake port and the exhaust port are 
oriented such that the fluid flow path is substantially 
vertical. Support members of the housing provide channels 
5 oriented in the direction of the fluid flow path. 

Preferred embodiments of this aspect of the 
invention include adjustable support members to adjust the 
channels relative to the vertical direction. The channels 
are constructed and arranged to conduct produce from a 
10 higher level relative to a ground level to a lower level 
relative to the ground level. 

Embodiments according to the invention may have one 
or more of the following advantages. The dryers produce all 
P of the energy required to dry the vegetable product and, 

[ill 15 thus, incur no additional energy costs. Additionally, some 
%J3 dryers, such as those including Stirling engines, produce 

all of the energy required to dry vegetable product and 
m perform other functions such as milling and sorting. The 

^3 dryers do not require wood as a fuel . The dryers can be 

f«% 2 0 operated 24 hours per day. The dryers allow growers to 
■C efficiently dry coffee beans in a manner that preserves the 

^ quality of the coffee beans. The dryers add value to the 

m coffee harvest. The dryers allow the coffee harvest to be 

^ dried at the location of the harvest. The dryers allow the 

25 coffee beans to be dried apart . from coffee beans harvested 
from other locations such that the dried harvest can be 
classified, for example, according to variety, altitude, or 
plantation. The dryers allow coffee beans to be stored 
until they can be sold in a favorable market. The dryers 
3 0 are cost effective. The dryers contribute to economically 
sustainable coffee production. The dryers preserve the 
environment . 


- 5 - 



Other features, objects and advantages will become 
apparent from the following detailed description when read 
in connection with the accompanying drawings in which: 

FIG. 1 is a schematic view of a solar coffee dryer 
5 according to the invention with some features shown in 
phantom; 

FIG. 2 is a perspective view of a thermal collector 
used in the solar coffee dryer of FIG. 1; 

FIG. 3 is a diagrammatic view of the solar coffee 
10 dryer according to the invention; and 

FIG. 4 is a perspective view of a photovoltaic 
collector used in the solar coffee dryer of FIG. 1. 
FIG. 5 is a schematic view of an alternate 
P embodiment of the solar coffee dryer of FIG. 1, wherein the 

^1 15 dryer includes a Stirling engine as an additional energy 
=13 source ; 

FIG. 6 is a front schematic view of a water- to-air 
m heat exchanger included in the dryer of FIG. 5; 

KJ FIG. 7 is a top cross sectional view of the water- 

i=i 2 0 to-air heat exchanger of FIG. 6; 

£ FIG. 8 is a schematic view of another embodiment of 

JJ! the solar coffee dryer of FIG, 1, wherein the dryer includes 

?q a rotating drum that houses a drying chamber; 

v ^ FIG. 9 is an end schematic view of the rotating drum 

25 of FIG. 8; 

FIG. 10 is a cross-sectional schematic view of an 
alternate embodiment of the dryer of FIG. 8; 

FIG. 11 is a cross-sectional schematic view of an 
alternate embodiment of a dryer similar to the dryer of FIG. 
30 1, wherein a fluid flows in the vertical direction; and 

FIG. 12 is a perspective view of a support framework 
and drying trays of the dryer of FIG. 11, wherein an 
alternate arrangement of two rows of drying trays is 
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illustrated rather than a single row of drying trays as 
shown in FIG. 11. 

Referring to FIG. 1, a dryer 10 suitable for drying 
vegetable product, particularly newly harvested coffee 
beans, includes a housing 12, an array of six thermal 
collectors 14, a heat transfer system 16, a photovoltaic 
conversion system 18, and a thermal augmentation system 20. 
Dryer 10 consumes both thermal and electrical energy. 
Thermal collectors 14 supply thermal energy, which dries 
produce, such as coffee beans, within housing 12. 
Photovoltaic conversion system 18 supplies electrical 
energy, which powers dryer 10. Heat transfer system 16 is 
in thermal communication with thermal collectors 14 and 
housing 12 to transfer heat from thermal collectors 14 to 
housing 12. 

Housing 12 includes an intake 26, a blower 28, a 
water-to-air heat exchanger 36 and a drying chamber 24, 
where the coffee beans or other produce are dried. Housing 
12 has, for example, a welded frame of 13/ 16 -inch square 
steel tubing with galvanized sheet metal (or aluminum) 
bonded to both the inner and outer surfaces, which provides 
a cavity for insulating material (not shown) . The external 
dimensions of housing 12 are, for example, 73 inches in 
length and width, and 50 inches in height. 

Intake 26 has an opening in a front end 3 0 of 
housing 12. Intake 2 6 is, for example, a pair of 
cylindrical metal conduits. An air diffuser 32 mounts to a 
front face 34 of housing 12 directly behind intake 26. Air 
diffuser 32 is, for example, galvanized sheet metal within 
an insulating layer of material, such as styrofoam. The 
inlet of diffuser 32 includes water-to-air heat exchanger 
36. 


Diffuser 32 extends between an opening 3 8 in water- 
to-air heat exchanger 36 and an airflow entrance 40 of 
drying chamber 24. Opening 38 is, for example, 12 inches 
high by 21.6 inches wide. Airflow entrance 40 is, for 
example, 45 inches high by 72 inches wide. Diffuser 32 
typically spans a length of 100 inches. 

Diffuser 32 includes guide vanes 42 (shown in 
phantom) - Guide vanes 42 expand the air flow in both the 
vertical and horizontal directions without inducing boundary 
layer separation within the air flow. In addition, guide 
vanes 42 ensure a uniform exit flow and a high pressure 
recovery coefficient. A screen 44 (shown in phantom) 
extends across airflow entrance 40 of drying chamber 24 to 
provide additional diffusion of the airflow through drying 
chamber 24 . 

Drying chamber 24 contains trays 46, which hold the 
coffee beans during the drying process. Trays 46 are, for 
example, heavy galvanized 1/4 -inch square wire mesh sections 
that are mounted to three wooden beams running lengthwise in 
the direction of air flow. Alternatively, other materials, 
such as plastic or stainless steel, can be used. The wood 
beams of the trays 46 are, for example, 1 inch high, 2/3- 
inches wide, and 33 inches long. The total area of each 
tray 4 6 that is available to support coffee beans is 
typically 72 6 square inches. The wire mesh is bonded to the 
bottoms and ends of the wood beams with heavy staples and 
epoxy resin. Each tray 46 is typically 33 inches long and 
24 inches wide. To increase rigidity of the trays 46, each 
tray 4 6 has a double fold of wire mesh in the cross beam 
direction, i.e., transverse to the air flow, at both ends of 
the beams. 

Trays 46 rest in a stack 48, one tray 46 upon 
another tray 46. Each stack 48 rests on a platform 50 that 


has rollers to provide mobility without unstacking trays 46. 

Each stack 48 typically contains 40 trays 46 and is 45 

inches in height. 

A back side 52 of drying chamber 24 is covered with 
5 a mesh curtain 54 that allows the humid exhaust air to exit 

with minimal resistance and prevents foreign objects from 

entering and contaminating the drying coffee beans. Mesh 

curtain 54 rolls up, as shown, to allow loading of the 

stacks 48 through the back side 52. 
10 A far side of housing 12, which is not shown, is 

permanently sealed. A near side 56 of housing 12 has a 

removable panel 58 near the front of drying chamber 24. 

Removable panel 58 includes a magnetic gasket that mounts 
P removable panel 58 to housing 12 and provides an airtight 

15 seal. 

%;|3 Removable panel 58 allows an operator to unload dry 

: J ™ coffee near the front of drying chamber 24 without removing 

ij3 wet coffee, which is downstream of the dry coffee. After 

B3 dry coffee is removed through panel 58, the operator rotates 

2 0 wet coffee forward toward diffuser 32 and loads additional 
=p wet coffee through the back side 52. Thus, the drying 

method is a semi -continuous process. In addition, the 
forward stack of coffee, which has a lower moisture content, 
is nearer diffuser 32 than the rearward stack of coffee. 

2 5 Thus, an efficient humidity gradient is maintained 
because drier air flows over drier coffee beans while wetter 
air flows over wetter coffee beans. The forward stack of 
coffee is adjacent to the driest air. The air flowing over 
the rearward stack contains additional moisture from the 

3 0 forward stack. After the air flows over both stacks of 
coffee within drying chamber 24, the air is at or near 
saturation. If relatively wetter coffee were placed in the 
front of drying chamber 24 while relatively drier coffee 
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were placed near the back of drying chamber 24 , the air 
would absorb more moisture as it flowed over the first stack 
of coffee in the back of drying chamber 24 . The moisture 
would narrow the moisture gradient between the air and the 
drier coffee. Thus, the drying time for the coffee may 
increase under certain conditions. 

Thermal collectors 14 are in thermal communication 
with drying chamber 24, and provide up to 100% of the 
thermal energy needed in the drying process by collecting 
solar energy from the sun and converting the solar energy to 
thermal energy. Thermal collectors 14 reside on the sloped 
portion of a roof 60, which orients thermal collector 14 
toward the sun. The most efficient orientation will vary 
depending on weather patterns and the geographic latitude 
where the dryer 10 is used. As shown, dryer 10 includes six 
thermal collectors 14, but dryer 10 may contain more or 
fewer thermal collectors 14 depending on the capacity of the 
dryer or other factors, e.g., directness of sunlight or 
expected weather patters. 

Six thermal collectors 14 are mounted above the 
diffuser 32 and drying chamber 24. Each thermal collector 
14 is an evacuated tube thermal collector, as shown in Fig. 
2 , that includes a set of tubes 62 mounted to a rack 64 . 
Tubes 62 are typically 117 inches long and 3 9 inches wide. 
Rack 64 is typically 108 inches in length and 37-3/4 inches 
in width. Alternatively, it may be preferable to substitute 
an array of eight flat plate thermal collectors, such as 
those available from American Energy Technologies, Inc. of 
Green Cove Springs, Florida, for the six evacuated tube 
thermal collectors 14. 

One end of each evacuated tube 62 connects with a 
manifold 66, shown in FIG. 1. Manifold 66 connects thermal 
collectors 14 in parallel to the heat transfer system. The 


manifold connects thermal collectors 14 with 3/4 -inch hose 
tubing 68 that extends from thermal collectors 14 to thermal 
storage system 22. 

Referring also to FIG. 3, heat transfer system 16 
5 moves thermal energy from the thermal sources, e.g., thermal 
collector 14 and thermal augmentation system 20, to the 
drying chamber 24. The heat transfer system includes two 
heat transfer circuits 70, 72, two heat exchangers 74, 76, 
and three pumps 78, 80, 82. Solar heat transfer circuit 70 
10 is a fluid circuit that thermally couples the thermal 

collector 14 to the primary heat exchanger 74 . Chamber heat 
transfer circuit 72 is a fluid circuit that thermally 
couples primary heat exchanger 74 to chamber heat exchanger 
Q 76. (For example, chamber heat exchanger 76 is water-to-air 

15 heat exchanger 36 of FIG. 1.) Both heat transfer circuits 
■m 70, 72 contain a fluid heat transfer medium, for example, 

'fj water. 

^ Each heat transfer circuit 70, 72 includes a 

S3 corresponding pump 78, 80. Pump 78 pumps water from thermal 

jU 2 0 augmentation system 2 0 to thermal collectors 14 and back to 

4^ thermal augmentation system 20. Pump 80 pumps water through 

^ thermal augmentation system 20 to water-to-air heat 

ijj exchanger 76 and back through thermal augmentation system 

\i3 20. Pumps 78, 80 are typically 12 0 V 0.5 amp AC pumps 

25 capable of delivering up to 3 gallons per minute and up to a 
head of 10 feet. Pump 82 pushes heated air through drying 
chamber 24. (For example, pump 82 is blower 28 as shown in 
FIG. 1, which includes two fans operating in parallel.) 
Ambient air, which enters through intake 26, is the heat 
3 0 transfer medium within the drying chamber. The ambient air 
flows through heat exchanger 76, through diffuser 32, around 
stacked trays 46, and out the back side 52 of the drying 
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chamber 24. The flow of ambient air through the dryer 
constitutes an additional heat transfer circuit. 

Photovoltaic conversion system 18 includes an array 
of photovoltaic collectors 84 and a battery bank 86. 
Photovoltaic collectors 84, shown in greater detail in FIG. 
4, are typically 12 volt, 55 watt photovoltaic solar 
collectors that are connected through an inverter to a 110 V 
AC system. Alternatively, the inverter can be eliminated 
and one or more DC motors can be used in the system. 
Alternatively, other voltages could be used, e.g., a 24 volt 
system. 

A typical array of collectors includes ten 
photovoltaic collectors 84 to provide sufficient power to 
dryer 10 (only five photovoltaic collectors 84 being shown 
in Fig. 1 because the collectors 84 are arranged in two 
rows) . However, more or fewer photovoltaic collectors 84 
may be employed. Photovoltaic collectors 84 are connected 
in parallel and are typically mounted at a 30 degree slope 
relative to horizontal next to the thermal collectors 14. 
Photovoltaic collectors 84 are typically 50.9 inches across 
and 13 inches in height. 

Battery bank 86 is electrically coupled by 
electrical lines 96 to both the photovoltaic collectors 84 
and other systems, e.g., heat transfer system 16 as shown in 
FIG. 3. Battery bank 86 includes two batteries 90, 92 per 
photovoltaic collector 84. Batteries 90, 92 are connected 
in series through a battery charge controller 94 . The 
batteries 90, 92 store the electrical energy produced by the 
photovoltaic array 84 . 

Photovoltaic conversion system 18 can provide all of 
the electrical energy that dryer 10 consumes during the 
drying process. In addition, dryer 10 connects to the 
electrical power grid as a source of supplemental power 
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during extended periods of overcast or as a source of backup 
power. Batteries 90, 92 provide short storage capacity and 
voltage stabilization. In addition, batteries 90, 92 allow 
for night operation when the thermal augmentation system 2 0 
is operating. 

Thermal augmentation system 2 0 provides additional 
thermal energy for operation at night or during periods of 
overcast. Thermal augmentation system 2 0 includes a furnace 
100 that is disposed beneath a thermal storage tank 102. 
Thermal storage tank 102 contains water, which has a 
relatively high specific heat and, thus, can store a 
relatively large amount of heat. Rocks or bricks, which 
also have a high heat storage capacity, can be placed in 
tank 102 to provide efficient heat storage, especially when 
used in combination with water. Thermal storage tank 102 is 
connected between thermal collector 14 and drying chamber 24 
through 1 inch copper tubing (or PVC tubing, or hose 
tubing) . Thermal storage tank 102 is in thermal 
communication within the heat transfer circuit 72 that 
extends between heat exchanger 74 and the water- to-air heat 
exchanger 76. Thus, water stored within thermal storage 
tank 102 flows through heat transfer circuit 72. 

In an exemplary embodiment, thermal storage tank 102 
typically contains 2,500 lb. of water in a tank volume of 
approximately 3 00 gallons. Thermal storage tank 102 is 
cylindrical, is 60 inches high by 40 inches in diameter, and 
is made of 1/8 -inch welded steel. The periphery of thermal 
storage tank 102 contains insulation, for example, 3 inch 
fiberglass and 6 inches of rice straw or coffee parchment. 

A stand of bricks 104 forms a combustion chamber 106 
of furnace 100. Stand 104 holds thermal storage tank 102 
twenty inches above the ground. Stand 104 forms an inner 
wall (not shown) and an outer wall. The inner wall is a 30- 
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inch diameter circle, and the outer wall of stand 104 
extends beyond the circumference of thermal storage tank 
102. The dual wall construction of stand 104 provides 
additional insulation and thermal mass to combustion chamber 
106 to improve the efficiency of heat transfer. 

Thermal augmentation system 2 0 provides the balance 
of the drying energy not delivered by the thermal 
collectors. Thermal augmentation system 2 0 typically uses 
biomass as a backup fuel. When the biomass is burned in 
furnace 100, combustion gasses transfer heat directly to 
thermal storage tank 102. The combustion gasses enter 
chamber 106 downward in a draft through vents (not shown) on 
the top of chamber 106. The combustion gasses exhaust from 
chamber 106 through a hollow tract 114 (shown in phantom) 
that extends through the center of thermal storage tank 102. 
Tract 114 is in fluid communication with a chimney 112 that 
extends 15 feet above the top of thermal storage tank 102 . 
Both tract 114 and chimney 112 are 8 inches in diameter. 
Chimney 112 creates a draft sufficient to sustain combustion 
in combustion chamber 106. 

Because all heat from combustion is drawn through 
the center of thermal storage tank 102, tract 114 enhances 
the heat transfer from the combustion gasses to the water 
within thermal storage tank 102. In addition, the bottom of 
thermal storage tank 102 has heat sinks 116, for example, 3 
inch heat transfer fins (shown in phantom) , that extend into 
thermal storage tank 102. 

Typically, the harvesting of coffee produces 
sufficient biomass, known as coffee parchment, to supply 
fuel for the thermal augmentation system 20. Thus, 
additional resources are not required to fuel dryer 10. 
However, combustion chamber 106 can also burn wood if 


- 14 - 


# • 


i = 


required, e.g., approximately 12 pounds of wood fuel per 
hour. 

Thermal storage tank 102 stores heat energy- 
generated by both thermal collector 14, which is a primary 
5 heating source, and furnace 100, which is an auxiliary 
heating source, until the heat energy is needed in drying 
chamber 24. The temperature of the water in thermal storage 
tank 102 is approximately 150 °F. When drying chamber 24 is 
operating, the thermal energy stored in thermal storage tank 
10 102 is transferred to the air drawn through intake 2 6 by a 
pump, i.e., blower 82. Blower 82 pushes the air through the 
water-to-air heat exchanger 36. The temperature gradient 
between the hotter water and the cooler air causes the 
thermal energy to diffuse into, and heat, the ambient air. 
i3i 15 The ambient air is typically 85 °F with a relative humidity 
iJ3 of 51%, and the heated air is typically 125°F with a 

f: relative humidity of 20%. The air at an exhaust port 118 

*jl (shown schematically in FIG. 3), i.e., back side 52 of 

drying chamber 24 (FIG. 1) , is typically 101°F with a 
*~ 20 relative humidity of 45%. 

42 Dryer 10 operates during daylight for ten hours each 

day during the entire coffee harvest. On a partially 
overcast day, solar radiation is typically 1,847 Btu/ (day * 
^ J square feet) . During the ten hour time -period on a 

2 5 partially overcast day, dryer 10 does not require additional 
biomass fuel. 

During this period, coffee is loaded into drying 
chamber 24 at back side 52 . The coffee is dried for one day 
in the second row of stacked trays 46 and, then, is rotated 
30 to the first row of stacked trays 46 for one additional day. 
At the end of each day, stacks 48 are monitored and turned 
18 0 degrees to ensure even drying. At the end of two days, 
the coffee is removed and packaged in 10 0 lb. sacks. 
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Using this method of rotation over ten hour 
operation periods, dryer 10 produces 1000 pounds of dry 
coffee every two days. The throughput of dryer 10 is 
approximately 1000 sacks, i.e., 100,000 pounds, of coffee 
per harvest season. In addition, dryer 10 can be operated 
continuously to produce up to 2400 pounds of dry coffee 
beans every two days. 

Other embodiments are within the scope of the 
claimed invention. 

In another embodiment, referring to FIG. 5, a dryer 
2 00 that is similar to dryer 10 includes a Stirling engine 
2 02 and an alternative housing 212 that may be preferable to 
housing 12. Housing 212 includes an intake 226, two blowers 
22 8, a water- to-air heat exchanger 23 6 and a drying chamber 
224, where the coffee beans or other produce are dried. The 
structure of housing 212 is similar to housing 12, but the 
position and structure of a water- to-air heat exchanger 23 6 
is moved directly adjacent to opening 240. Thus, a front 
end 230 of dryer 200, particularly an air diffuser 232, of 
housing 212 is truncated relative to housing 12 and air 
diffuser 32 both of dryer 10. 

Intake 226 is, e.g., a pair of cylindrical metal 
conduits. Air diffuser 232 mounts directly behind intake 
226. Like air diffuser 32, air diffuser 232 is, for 
example, galvanized sheet metal within an insulating layer 
of material, such as styrofoam. However, water- to-air heat 
exchanger 236 is located at the outlet of air diffuser 232 
rather than the inlet, i.e., at airflow opening 240 of 
drying chamber 224. Airflow opening 240 is, for example, 45 
inches high by 72 inches wide . 

Stirling engine 202 is attached to front end 230, 
and allows dryer 2 00 to provide additional power for other 
coffee processing such as sorting and milling which occur 
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after drying is complete. Alternatively, Stirling engine 
2 02 could be attached to front end 3 0 of dryer 10 for the 
same purpose. Stirling engine 202 is, e.g., an STM4-120 
external combustion engine and generator set that is 
5 manufactured by Stirling Thermal Motors, Inc. of Ann Arbor, 
Michigan and that provides 25 kW of electrical energy at 
1800 rpm. Electrical line 204 connects Stirling engine 202 
to the photovoltaic conversion system 18 and other 
electrical devices such as milling and sorting machines. 
10 With Stirling engine 202, dryer 200 provides sufficient 

energy to accommodate all coffee processing without using 
other external power sources such as the local electrical 
power grid (i.e., dryer 200 is known as an "off -grid" 
Q system) . 

%\ 15 Stirling engine 202 is powered by, e.g., burning 

(=3 coffee parchment. However, Stirling engine 202 is an 

jpf external combustion engine that is adaptable to be powered 

p by other heat sources. Thus, dryer 200 can be configured to 

50 power Stirling engine 2 02 with thermal energy from the 

p 20 existing thermal collectors 214 or additional thermal 
4= collectors could be added. Also, Stirling engine 2 02 could 

be powered by heat from thermal augmentation system 20. 

Dryer 2 00 includes an additional heat exchanger 2 06 
that recaptures exhausted heat from Stirling engine 202. 
25 Heat exchanger 2 06 acts as an intake into housing 212 to 
pass ambient air over the heated exhaust surfaces of 
Stirling engine 202. Therefore, heat exchanger is able to 
recapture, e.g., 50,000 BTU per hour. 

Referring to FIGS. 6-7, water- to-air heat exchanger 
3 0 23 6 includes an upper flow tube 250, a lower flow tube 252, 
and an array of capillary tubes 254 connected between flow 
tubes 250, 252. All tubes 250, 252, 254 can be made of, 
e.g., copper or plastic. Heat exchanger 236 is sized to 
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cover entire opening 240 in a generally planar arrangement 
having flow tubes 250, 252 extending horizontally across 
opening 240 and capillary tubes 254 extending vertically 
across opening 240. Water flows into lower flow tube 252 
and disburses into capillary tubes 254 to flow upward and 
into upper flow tube 252. Water exits heat exchanger 236 
through upper flow tube 250. 

As shown most clearly in FIG. 7, capillary tubes 254 
are arranged in three rows 256, 258, 260 that are staggered 
relative to the adjacent rows. Each capillary tube 254 is 
approximately 1/8" inch wide and a lateral space 262 between 
each capillary tube is 1/16". The size and arrangement of 
capillary tubes 254 diffuses air pumped across heat 
exchanger 236 and into chamber 224. The staggered 
arrangement provides more space for air to flow between the 
tubes than would be available if capillary tubes 254 were 
aligned in a single row, and the arrangement alters the path 
of the air as the air flows around the tubes to create a 
diffuse airflow. Alternatively, if additional capillary 
tubes were extended horizontally across opening 240 in a 
similar arrangement, the airflow pattern could be diffused 
in both the horizontal and vertical directions. 

The structure of water-to-air heat exchanger 236 may 
reduce the boundary layer separation and the convection 
effect of heated air entering drying chamber 224. 
Therefore, air flow into drying chamber 224 may be more 
efficient, and the need for diffuser 232 may be reduced or 
eliminated. Diffuser 232 includes guide vanes 242 (shown in 
phantom) . Like guide vanes 42 of dryer 10, guide vanes 242 
expand the air flow in both the vertical and horizontal 
directions without inducing boundary layer separation within 
the air flow. In addition, guide vanes 242 ensure a uniform 
exit flow and a high pressure recovery coefficient. 
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However, due to the structure of heat exchanger 23 6, the 
number of guide vanes 242 could be reduced, or guide vanes 
242 could be eliminated. Similarly, screen 44 of dryer 10 
is not present in dryer 200, but could be included in an 
5 alternate configuration. 

As an example of another embodiment within the scope 
of the claims, referring to FIGS. 8-9, a dryer 3 00 is 
similar to dryer 10, but, rather than a housing 12, dryer 
3 00 includes a heat transfer section 3 02 and a drying 
10 chamber section 304. Heat transfer section 302 includes the 
same water-to-air heat exchanger 36 as dryer 10 with dual- 
cylinder intake 2 6 and blower 28. However, drying chamber 
section 304 includes a cylindrical rotating drum 306 that 
accommodates coffee beans or other vegetable produce. 


either end and rotates about a longitudinal axis 310 during 
operation of dryer 300. Drum 306 is made of, e.g., 
stainless steel that is of an appropriate thickness to 


intakes for heated air and as exhaust ports for air laden 
with moisture from, e.g., coffee beans being dried within 
drum 306. Perforations 314 are circular having a radius of 
1/8" to accommodate coffee beans which typically are 
25 slightly more than 1/4" across after drying. 


infusers 316 that lie on either side of drum 306. Drum 306 
rotates, e.g., at a rate of one rotation per minute, and the 
infusers 316 infuse heated air into drum 3 06 through 
30 perforations 314 that are adjacent to infusers 316. On the 
other hand, perforations 314 opposite infusers 316 act as 
exhaust ports after the heated air is pushed through the 



Rotating drum 3 06 attaches to mounting stand 3 08 at 


20 


accommodate the predesigned size of drum 306. A periphery 
312 of drum 3 06 includes perforations 314 that both act as 


Drum 3 06 rotates directly adjacent to two air 
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coffee beans. As drum 306 rotates, perforations 314 
alternate from being intake ports and exhaust ports. 

A set of doors 318 extend along the periphery of 
drum 3 06. When the doors are oriented in the upward 
5 direction, coffee beans or other vegetable product can be 
loaded into drum 3 06. When the doors are oriented in the 
downward direction, coffee beans or other vegetable product 
can be unloaded. 

Referring to FIG. 10, dryer 4 00 is another 
10 embodiment of dryer 3 00. As with dryer 3 00, dryer 4 00 

includes a perforated rotating drum 406 rather than drying 
trays. Drum 406 rotates at a rate that ranges between one 
and two rotations per minute. A Stirling engine 402 burns 
P biofuels, such as coffee parchment, to provide both heat to 

15 dry produce within the drum and electricity to rotate drum 
406 during the drying process. Rotating drum 406 has a 
capacity within the range of, e.g., 3,000 lbs. to 9,000 lbs. 

Stirling engine 402 transfers heat to rotating drum 
406 through a gas -gas heat exchanger 4 04. A pump 4 08, e.g., 
20 a fan, moves heated air, e.g., 45°C - 50°C, from heat 

exchanger 404 into drum 406. Pump 408 moves the heated air 
through rotating drum 4 06 by generating a high pressure zone 
418 that creates a positive pressure gradient forcing heated 
air through the coffee beans located in rotating drum 406. 
25 Two gaskets 412, 414 extend from a wall 426 to the outer 
surface of rotating drum 406. Gaskets 412, 414 lie on 
either side of rotating drum 406 to direct the heated air 
through rotating drum 406. Dryer 400 also includes two 
additional gaskets (not shown) at the flat ends of drum 4 06 
3 0 that, in conjunction with gaskets 412, 414, provide a seal 
around drum 406. 

Pump 408, heat exchanger 404, gaskets 412, 414 and 
high pressure zone 418 collectively provide an infuser that 
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infuses heated air into the lower side of drum 406. Once 
infused into drum 4 06, the heated air circulates through the 
coffee beans into a zone 420 of relatively lower pressure. 
From the lower pressure zone 42 0, the heated air exists 
5 dryer 4 00 through a solar chimney 422 that accentuates the 
upward draft of air by using sunlight to further heat the 
air within chimney 422. 

Rotating drum 4 06 includes internal baffles 416 that 
are spaced equidistantly inside an outer perimeter 410 of 

10 rotating drum 406. Baffles 416 lift coffee beans, or other 
produce, that are placed inside rotating drum 406. Thus, 
as rotating drum 406 rotates, baffles 416 stir the coffee 
beans to redistribute the beans to a central location within 
rotating drum 406. 

15 The coffee beans are loaded into dryer 4 00 in a 

manner similar to dryer 200. The coffee beans are unloaded 
through a door 424 that extends along the underside of dryer 
400. 

Referring to FIGS. 11 and 12, a dryer 500 has a 

2 0 vertical orientation to utilize convective currents of air 

rising upward and to utilize gravity to simplify produce 
loading, drying, and unloading. Dryer 500 includes vertical 
drying trays 502, an upright drying chamber 504, a water-to- 
air heat exchanger 506, a dome section 508, and a solar 
25 chimney 510. Dome section 508 further includes a loading 
gate 512 and a pump 514, e.g., a fan. 

Vertical drying trays/502 are located within drying 
v chamber 504. Drying trays E02 are mounted to provide 
} J substantially vertical drying channels 518. Each drying 

3 0 tray 502 is attached to A drying tray support framework 540 

(FIG. 12) of drying chamber 504. Support framework 240 is, 
e.g., approximately 8J5" in length, 86" width, and 40" in 
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height. Two hinges 542 attach each drying tray 502 on 
respective ends of an upper edge 516 of drying trays 502. 

Drying trays 502 are constructed of a metal frame 
surrounded by a metal mesh. Drying trays 502 have a top 
5 opening 544 and a bottom opening 54 6 to allow coffee beans 
to pass into and out of drying trays 502, e.g., during 
loading and unloading. Each drying tray 502 is, e.g., 
approximately 3' in height and 6' in length, and each drying 
channel 518 is approximately 1.19" wide. 

10 Baffles 548 are disposed across the spaces located 

between adjacent drying trays 502. Baffles 548 guide the 
coffee beans into drying trays 502 and prevent the coffee 
beans from entering the spaces between drying trays 502 . 
M Each baffle 548 is made of a metal mesh. Each baffle 548 is 

15 supported along upper edges 516 of the adjacent drying trays 

5,<er 

v|3 502 - one drying tray 502 supports one edge of a 

corresponding baffle 548 and the adjacent drying tray 502 
?13 supports the opposite edge of the corresponding baffle 548. 

^ Each baffle 548 is articulated with the adjacent drying 

p 20 trays 502 to allow baffle 548 to move as drying trays 502 
it rotate about hinges 542 . 

As shown most clearly in FIG. 12, drying trays 502 
hang above a set of slats 550 of support framework 540. 
Slats 550 are parallel and have uniformly spaced openings 
25 552 between adjacent pairs of slats 550. When coffee beans 
are drying within dryer 500, dryer trays 502 hang downward 
with each bottom opening 546 directly adjacent to a 
respective slat 550. Slats 550 are wider than bottom 
opening 546. Thus, slats 550 completely cover corresponding 
3 0 bottom openings 546 and secure the coffee beans within 
drying trays 502. 

Coffee beans are loaded through loading gate 512, 
which is a hinged door at the outer surface of dome section 
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508. The coffee beans pour over baffles 548 and into 

vertical drying trays 502. The force of gravity causes the 

coffee beans to move downward toward a ground level 53 0 

through channels 518 defined by drying trays 502. After 

5 drying trays 502 are filled, the coffee beans are dried. 

To dry the coffee beans, heated air flows through 

the channels and around the coffee beans in the channels 

before exiting through solar chimney 510. The metal mesh of 

drying trays 502 allows the heated air to mix by traveling 

10 between the empty space between drying trays 502 as well as 

the space of channels 518 that contains the coffee beans or 

other produce. 

Additionally, the angle of incidence of the airflow 

*f against drying trays 502 can be adjusted to increase or 

£j 15 decrease the drying time of the coffee beans. The angle of 

)3P incidence can be adjusted by changing the angle of drying 

?l trays 502. For example, drying trays 502 can be rotated 

v|3 about corresponding hinges 542 within a range of 0° - 2.5° 

^ . .... 

w - relative to the vertical direction. An increased angle of 

p 2 0 incidence may accelerate the drying process. A decreased 
^ angle of incidence may decelerate the drying process, 

ijl Drying coffee beans quickly increases output of the 

dryer. However, drying coffee beans too quickly, especially 
by elevating the temperature, may decrease the quality of 
25 the coffee beans. Thus, preferably, a balance between 
drying time and produce quality is maintained. The 
information provided with respect to dryer 10 (i.e., drying 
times (e.g., two days total), drying temperatures (e.g., 
125° F heated air), and drying procedures (e.g., rotating 
30 dried, partially dried, and wet coffee beans)) also is 
thought to be applicable to the vertical dryer 500. 

To remove dry coffee beans from drying trays 502, 
drying trays 502 are rotated about hinges 542. A crank 560 
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(Fig. 11) attaches to a screw 562 (e.g., a threaded shank) 
that rotates and pushes against the first drying tray 502 in 
the of the row of drying trays 502. A push-rod 564 (Fig. 
11) connects each drying tray 502 to the other drying trays 
5 502 in the row. Thus, crank 560 (Fig. 11) can position all 
drying trays 502 in the row at the desired angle relative to 
the vertical direction. 

When drying trays are positioned from 0° (i.e., a 
vertical position) to 2.5° relative to the vertical 
10 position, slats 550 cover corresponding bottom openings 546 
and contain the coffee beans within drying trays 502. As 
drying trays 502 begin to move beyond 2.5°, the coffee beans 
will begin to fall from the drying trays 502 through 
Q openings 552. In this manner, the coffee beans exit the 

ifi 15 bottom of dryer 500 (as shown in FIGS. 11 and 12) . 
0 Referring again to Fig. 11, when the coffee beans 

f: are removed, the coffee beans fall through heat exchanger 

:J3 506 and into a hopper 524. Hopper 524 is, e.g., an open car 

^ J that rolls underneath dryer 500 through a space 526 between 

2 0 the bottom of dryer 500 and the ground. Hopper 524 
facilitates easy unloading of coffee beans without 
interrupting the drying process. 

Heat exchanger 506 is positioned at the bottom of 
drying chamber 504, and extends the entire length and width 
25 of drying chamber 504. Heat exchanger 506 includes a set of 
parallel tubes 570 with heat radiating fins 572 attached 
along tubes 570. Tubes 570 and fins 572 are spaced to allow 
the beans to fall freely through heat exchanger 506 and into 
hopper 524. Fins 572 are corrugated but, alternatively, may 
30 be flat. 

To improve heat transfer, heat exchanger 506 
includes two identical partial heat exchangers 506a, 506b. 
One partial heat exchanger 506a is disposed above the other 
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partial heat exchanger 506b. Tubes 570 and fins 572 of 
upper heat exchanger 506a are staggered relative to lower 
heat exchanger 506b. The lower portion of fins 572 of upper 
heat exchanger 506a extend downward and between the upper 
5 portion of fins 572 of lower heat exchanger 506b. All fins 
572 of both partial heat exchangers 506a, 506b are 
equidistantly spaced relative to the adjacent pair of fins 
572 to provide equally sized openings for the coffee beans 
to fall through and for the ambient air to flow through. 
10 In operation, stored heat travels through a heat 

transfer circuit that is in thermal communication with one 
or more heat sources, e.g., a Stirling engine, a heat 
storage tank, and a set of flat plate connectors. In dryer 
& 500, for example, the heat transfer circuit can be 

|l 15 configured in a manner similar to the heat transfer circuits 

0 of dryer 10 or dryer 200. 

u \ 

71 However, dryer 500 moves air primarily by heat 

%fl convection rather than by a negative pressure gradient 

U4 provided by pump 514. For example, dryer 500 is thought to 

H 20 be capable of passing 750 CFM (cubic feet per minute) of air 

4= through drying chamber 504 by convection. In comparison, 

jp dryer 10 is thought to pump 450 CFM - 500 CFM of air using 

m3 pump 28. Thus, without expending energy to operate pump 

514, dryer 500 is thought to provide greater airflow than 
25 horizontal dryers, e.g., dryer 10. In addition, the airflow 

can be further augmented by pump 514 or, alternatively, pump 

514 can be eliminated to save costs. 

Ambient air enters drying chamber 504 through space 

52 6, and passes through heat exchanger 506, which heats the 
3 0 ambient air. The heated air passes through drying chamber 

504 and exits through solar chimney 510. When the heated 

air passes through drying chamber 504, the air circulates 
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around the coffee beans. Baffles 548 additionally allow air 
to flow between drying trays 502. 

Referring to FIG. 12, dryers similar to dryer 500 
can include two or more vertically stacked rows of drying 
5 trays 502. Such configurations allow vertical dryers 
similar to dryer 500 to rotate coffee beans during the 
drying process. Dry coffee beans are removed from the 
lowest row of drying trays 502. Partially dry coffee beans 
are moved from upper rows to vacated lower rows. Finally, 
10 wet coffee beans are loaded into the vacated uppermost row 
of drying trays 502. 

For example, as shown in FIG. 12, during the drying 
process, the coffee beans can be moved from an upper row 580 
P of drying trays 502 to a lower row 582 of drying trays 502. 

£5 15 Row 580 and row 582 have identical structure, and are 
tfi stacked to allow the coffee beans to move between pairs of 

?1 vertically aligned drying trays 502. Because each drying 

Cjj tray 502 rotates away from a corresponding slat 550 to empty 

u * the coffee beans, the vertical alignment includes a 

□ 2 0 horizontal offset between the upper row 580 and the lower 
4* row 582. The horizontal offset positions the lower drying 

p tray 502 directly below corresponding opening 552. 

v|3 The horizontal offset is established at the ends of 

^ each row 580, 582 of drying trays by specially sized slats 

25 550', 550". For example, the left end of row 580 includes a 
slat 550' having a smaller width than the width of slats 
550. Further, the right end of row 580 includes a slat 550" 
having a larger width than the width of slats 550. Row 582 
is identical in structure to row 580, but, to provide the 
30 proper horizontal offset, row 582 is rotated 180° relative 
to row 580. Therefore, in row 582, thin slat 550' is 
located at the right end, and thick slat 550" is located at 
the left end. 
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The dimensions and materials disclosed in the 
embodiments above are provided as examples of possible 
embodiments. Changing the dimensions, materials, or 
components (adding, deleting or altering) will result in 
5 additional embodiments that are also within the scope of the 
claimed invention. For example, to augment the vegetable 
product drying, a dehumidif ier, which removes moisture by 
using a desicant material, may be placed upstream of the 
coffee beans. for example, a dehumidif ier can be installed 
10 upstream of the air pumps to remove moisture from either the 
ambient or heated air and, thus, increase the moisture 
gradient in the drying chamber. Also, air may be 
recirculated through the drying chamber after passing 
M through a dehumidif ier to reduce the relative humidity of 

§jy 15 the air while conserving heat energy of the air. 
0 Dryer 10 is configurable to include many 

£T combinations of control devices 120 (FIG. 1) to control and 

v|3 monitor system performance. For example, dryer 10 can 

^ include temperature sensors to determine the temperature of 

Q 2 0 ambient air, heated air, water in tank 102, or at other 

locations in dryer 10. Dryer 10 can also include humidity 
m sensors to measure, e.g., the humidity of ambient air, air 

vB in chamber 24, and air exiting chamber 24. Dryer 10 can 

w include a weight sensing device or a timing device to 

2 5 determine whether the coffee beans are properly dried. 

Dryer 10 can also include a control system that 
monitors and controls the system and that evaluates the 
performance of dryer 10. The control system could include a 
personal computer to gather temperature, relative humidity, 
30 drying air flow rate, moisture loss of the beans (i.e., 
weight), and battery voltage and current. 

For example, the control system could gather data in 
real time from 17 sensors connected to a DC power source: 
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nine temperature sensors, three load cell sensors, one 
relative humidity sensor, one air velocity sensor, one 
battery voltage sensor, one photovoltaic collector current 
sensor, and one load current sensor. The control system 
could multiplex the 17 analog lines, and convert the analog 
data to digital data using National Instrument SCXI 
components having four-slot 1000 series chassis. 

Hand held instrumentation can also be used to 
measure additional parameters, such as: water flow rate to 
collectors and heat exchangers, temperature of the water in 
the storage tank, temperature and flow rate of water at the 
inlet and outlet of the thermal solar collectors, and 
temperature and flow rate of water at the inlet and outlet 
of the water- to-air heat exchanger. 

It is evident that those skilled in the art may now 
make numerous modifications and uses of and departures from 
the specific apparatus and techniques disclosed herein 
without departing from the inventive concepts. 
Consequently, the invention is to be construed as embracing 
each and every novel feature and novel combination of 
features present in or possessed by the apparatus and 
techniques disclosed herein and limited only by the spirit 
and scope of the appended claims . 

What is claimed is: 
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